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Solvents are an important group of environmental pollutants to which people are exposed every day at work. The physicochemical properties of solvents can cause disturbances to cellular structures, including damage to DNA. Ethanol damages membranes and leads to ion imbalances 1) . Benzene is a volatile aromatic hydrocarbon solvent that is widely used in industry and also a ubiquitous environmental pollutant, being a component of cigarette smoke, gasoline, and automobile emissions 2) . The chronic exposure of humans to low levels of benzene in the workplace has been associated with blood disorders, including aplastic anemia and leukemia 3, 4) . Benzene metabolites bind covalently to proteins and DNA in biological systems such as cells or tissues, thereby inducing intracellular toxic effects, such as inhibition of cell replication or carcinogenesis 5) . Halogenated hydrocarbons are frequently found in both industry and the home. For example dichloromethane is used as a lipophilic solvent in the rubber and textile industries, and it is also used as a lacquer remover and in hair sprays 6) . Chronic exposure to n-hexane is known to induce peripheral neuropathy in humans and laboratory animals 7) . Inhalation of volatile organic compounds continues to pose a health concern in industrialized countries, due to high volumes of production and release into the atmosphere and human clinical trials frequently report neurobehavioral deficits from exposure in the workplace 8) . On the other hand, several reports of in vitro exposures have given inconsistent results in the literature. DeFlora et al. 9) found a very weak positive effect of ethanol in a DNA repair test with E. coli, but no effect in the Ames  test with strains TA1535, TA1537, TA1538, TA97, TA98 and TA100, with the exception of TA102 which gave a weak reproducible effect.
Urine mutagenicity measures the extent of recent exposure to mutagens and it has been used in biomonitoring studies of populations exposed to environmental and/or workplace-generated complex mixtures 10) . Although urine mutagenicity is nonspecific in that it does not identify the various mutagens in urine, it has the advantage of integrating the effects of all the mutagenic compounds in urine and estimating their sum, without the need to carry out a separate analysis for each mutagenic compound 11) . Increased urinary mutagenicity has been demonstrated among people who smoke cigarettes 12) , are exposed to mutagenic drugs 13) , eat fried meats 14) , and workers exposed to aromatic amines as in the rubber 15) , textiles 16) , ink and pharmaceutical industries 17) . In the current study, we have measured the mutagenic activity of urine samples from chemistry laboratory workers occupationally exposed to organic solvents (such as n-hexane, dichloromethane, acetone, benzene, ethanol and toluene). Mutagenic activity was assayed with the Salmonella/microsome assay, using strains TA100 and YG1024.
The hisG46 marker in strain TA100 results from the substitution of a leucine (GAG/CTC) by a proline (GGG/ CCC). This mutation reverts to the wild-type state through mutagens that cause base-pair substitution mutations primarily at one of the GC pairs 18) . The YG1024 test strain is a derivative of S. typhimurium TA98 (detect frameshift mutagens) with high activities of classical O-acetyltransferase, and detects more efficiently the mutagenicity of aromatic nitro, amino and hydroxylamino compounds 19, 20) .
Materials and Methods

Chemicals
Dimethylsulfoxide (DMSO), nicotinamide adenine dinucleotide phosphate sodium salt, D-glucose-6-phosphate disodium salt, L-histidine monohydrate, sodium azide (AZS) 2-anthramine (2-AA), 4 nitro-ophenylenediamine (NPD), and D-biotin were purchased from Sigma (St. Louis, MO). Nutrient Broth No. 2 was purchased from Oxoid (Basingstore, Hampshire, U.K.) and Bacto Agar from Difco (Detroit, MI). All other reagents used to prepare buffers and perform the assays were from Merck (Whitehouse Station, NJ) and Sigma.
Subjects and sample collection
The experimental protocol was approved by the Ethics Committee of the School of Pharmaceutical Sciences-UNESP-São Paulo State University at Araraquara, SP, Brazil and all participants gave their informed consent. The study was carried out with a test group consisting of 29 healthy non-smokers, whose work, study or teaching duties involved daily activity in the organic chemistry research laboratories of the Araraquara Institute of Chemistry-UNESP at Araraquara (Brazil), and a control group of 29 non-smoking employees and students, all involved in types of work that did not expose them to solvents, paired for sex and age with the test subjects. Table 1 shows the subject descriptions. In their work, the test group has exposures to diverse solvents, including: ethyl acetate, acetonitrile, methanol, acetone, ethanol, hexane, benzene and dichloromethane. All of the subjects answered a detailed questionnaire including general information about their personal and occupational history and health. Those who were under medication or ingested alcohol daily were excluded. The individuals selected for the study were oriented about not taking alcohol and not eating barbecued meat or fried food for one day before the collection of the urine sample. They were also instructed to collect the urine sample (24 h urine sample) on a single day, when high exposure (8 h of exposure) to organic solvents occurred. Protection equipment, mask, gloves and an extraction hood are used for the handling of the most dangerous solvents, such as acetonitrile, but for most of the solvents, the laboratory workers did not wear masks or work at the hood. Experiments are done on the bench, facilitating the dispersion of the solvents throughout the laboratory. In the exposed group, 56.6% had a history of exposure from 1 to 5 yr, 23.3% from 6-10 yr and 20% had worked more than 20 yr with organic solvents. Ages varied between 19 and 54 yr. To exclude the possibility of interference of individual diets in the urine mutagenicity, personal data were collected in the questionnaire about eating habits; 6.6% of the subjects did not eat vegetables, 26.7% never drank alcohol, 45% occasionally took drink with alcoholic content and 28.3% consumed 1 to 4 glasses of alcoholic drink a week. All volunteers were instructed to collect urine when they had not taken medicines.
Urine samples (around 800 ml) were collected in polyethylene containers at the end of the work shift, and stored at -20°C until assay.
Concentration and extraction of urine samples
The urine sample was thawed and adjusted to pH 7.0 with NaOH. The sample was loaded on Amberlite XAD-2 resin using the method developed by Yamasaki and Ames 12) , and the absorbed materials were eluted with acetone using a flow rate of 2-3 ml/min, regulated by means of a stopcock. Each of the eluted fractions was thoroughly mixed before the tubes were placed in a constant temperature heating block (Eppendorf® Concentrator 5301) at 40-45°C to evaporate the solvent. After complete drying, the solid residue was dissolved in 0.4 ml of DMSO per 100-ml equivalent of urine extract.
Mutagenicity test
Mutagenicity was determined using the preincubation version of the Salmonella/microsome assay as described by Maron and Ames 18) . The urine extracts were tested in Salmonella typhimurium strains TA100 (kindly provided by Dr. Bruce Ames, Children's Hospital Oakland Research Institute, Oakland CA,USA) and YG1024 (a gift from Dr. M. Watanabe, National Institute of Hygienic Sciences, Tokyo, Japan), with and without metabolic activation using Aroclor 1254-induced rat liver homogenate (S9). Frozen stocks of the tester strains were grown for 12-14 h in Oxoid Nutrient Broth No. 2. Extracts equivalent to 1.5, 3.0, 6.0, and 12.0 ml of urine were added in DMSO to 100 µl of bacterial culture and 0.5 ml phosphate buffer pH 7.4 or 0.5 ml 4% S9 mixture. After incubation for 20-30 min at 37°C, 2 ml of top agar were added to the bacterial suspension and mixed. Then, the mixture was poured onto a minimal agar plate. The plates were incubated at 37°C for 48 h and the his+ revertant colonies were counted with an automatic counter (Synoptic Ltda, made in UK, Protocol model 60000). All experiments were performed in triplicate.
Positive controls were included in each experiment: 2-anthramine with S9 and sodium azide (for TA100) and 4-o-nitrophenylenediamine (for YG1024) without S9. XAD-2 extractions were performed on 100 ml samples of distilled water. The residues were dissolved in DMSO, and used as negative (solvent) controls.
The mutagenic index (MI) was calculated for each dose as the mean number of revertants per plate divided by the mean number of revertants per negative control plate. A sample was considered positive when the MI was equal to or greater than 2 for at least one of the tested doses and if it had a reproducible dose-response 21) . Several authors have used this parameter in their works [22] [23] [24] [25] . According to Mortelmans and Zeiger 26) , in an important review of the Ames test a widely used approach is to analyze the results and to set a minimum fold increase, usually 2-3 folds, in revertants (over the solvent control) as a cut-off between mutagenic and nonmutagenic responses.
The highest MI is the highest among the different doses of urine.
The mean relative mutagenicity increase index was calculated: highest number of his+ revertants obtained with each sample of urine, minus the his+ revertants in the negative control, divided by the number of his+ revertants in the negative control.
Statistical analyses
The mutagenicity assays were analyzed statistically with the Salanal computer program (U.S. Environmental Protection Agency, Monitoring Systems Laboratory, Las Vegas, NV) adopting the Bernstein model 27) . The slope of the linear portion of the dose-response curve calculated by the linear regression method as the number of revertants/ml urine was named the mutagenic power (MP). Urinary mutagenicity in the control group was compared to that in the workers exposed to solvents with Student's t-test.
Results
We tested the mutagenicity of urine samples collected from solvent exposed workers and controls; both groups were made up only of nonsmokers. We found a significant difference (p<0.05) between the mutagenic activity of the urine samples from the exposed workers and the controls in tests employing strain YG1024 with S9 mix. Figures 1 and 2 show the revertants numbers/plate (M ± SD) obtained for the highest dose used.
The highest MI values detected for urines samples are given in Table 2 . The highest MI values were generally detected in the urine samples of exposed workers that were assayed with Salmonella typhimurium YG1024 (+S9). Six samples (02E, 09E, 39E, 40E, 44E and 45E) from the exposed group showed positive mutagenic activity in the YG1024 strain with S9 mix and one of them was positive without S9 (54E).
The mutagenic potency of these seven samples from the exposed group, shown in Table 3 , have mutagenic power (MP) values between 1.8 and 25.9. Only one control urine sample (04C) had mutagenic activity in TA100 and one (36C) in YG1024. These two samples from the control group showed MP values between 2.3 and 13.8 ( Table 3 ). All of these mutagenic responses for control urine samples were detected in the absence of S9 activation. For assays conducted in YG1024 +S9, the mean highest MI for the exposed workers was significantly greater than the mean highest MI value for the controls (p<0.05; Table 2) suggesting that in the urine of the exposed volunteers there was a larger amount of substances that can interact with DNA when compared with the volunteers of the control group. Also, for the assays conducted in YG1024 +S9, the mean relative mutagenicity increase index was higher in exposed workers'urine than in controls'urine. These results are shown abstractly in Fig. 3 (relative increase index in the number of his+ revertants).
Discussion
Urinary mutagenic activity has been used in occupational and epidemiological studies for decades as a cost effective, general biomarker of exposure to genotoxic compounds, e.g., occupational exposures in the rubber, coke oven, ink, pharmaceutical, and textile industries [28] [29] [30] . The data from bacterial mutagenicity assays, particularly the Ames test, and the results of exposure to ethanol have generally been negative [31] [32] [33] . However, the effects of organic solvents mixtures are not well known, but an elevated risk was considered to be a consequence of exposure to complex mixtures 34) . Toluene is frequently cited as responsible for the results, but individually they are not or little genotoxic 35) . Another aspect often considered is that solvents properties would affect liver enzymes activities (and possibly those of the gut microflora) conceivably leading to the increased formation of mutagens derived from dietary constituents 36) . The results of this study demonstrated an increase of urinary mutagenic activity in workers exposed to solvents mixture. However, one control urine sample (36C) showed positive mutagenic activity in the absence of S9 activation, in the YG1024 strain. Interindividual variability in the urine mutagenicity responses seems to be the main disadvantage of this biomarker, and the differences may be explained by genetic, personal habits and lifestyle in addition to mutagenic pollutants in the environment 37) . The urine samples from the exposed group had a greater mean highest MI value and a greater mean relative mutagenicity increase index than the control group. The increase in mutagenicity, however, was limited to assays conducted with the O-acetyltransferase-overproducing strain, YG1024, in the presence of S9 mix. Although this finding is in general agreement with previous observations 30, 38, 39) , it is difficult to rationalize with the presumed exposure to solvents for the exposed population in this study. Our results with strain YG1024 (+S9) suggest that the workers are exposed to indirect mutagens and the mutagenicity in these chemical workers may have been due to exposure to solvents.
Our results indicate that YG1024 a Salmonella typhimurium derivative with high activity of Oacetyltransferase, is a suitable indicator strain for a urine mutagenicity test. This strain is highly sensitive to the mutagenicity of nitro, amino and hydroxylamino aromatics 20) . A complication in the urine mutagenicity test is the effect of smoking, but in our samples smokers were excluded.
The highest increase of mutagenicity was observed with YG1024, in the presence of S9 mix, and this suggests that sulfo-conjugated aromatic amines were present in the urine of exposed workers. Benzene is metabolized to phenol, dihydroxybenzene, benzoquinone, transmuconic aldehyde and catechol 5) . The strain YG1024 shows evidence of the presence of amino aromatic derivatives which might be responsible for bladder cancer 20) . Researches have shown that workers employed in footwear manufacture are at increased risk of some cancers, the strongest evidence being for nasal cancer and leukemia. Footwear workers are routinely exposed to complex mixtures of solvents, such as toluene, nhexane and acetone. Comet assay results showed that there was a significant increase in the mean damage index for the group exposed to solvents in comparison to the control group 40) . Although, Choi et al. 41) showed a positive Ames test associated significantly with current occupation 11C, 13C, 20C, 30C, 35C, 36C, 37C, 39C and 6E, 9E, 19E, 26E, 29E , 39E, 43E, 50E for 6 ml; 16C, 21C, 22C, 38C and 2E, 7E, 16E, 17E for 3 ml equivalent of urine). Table 3 . Mutagenic activity expressed as potency (number of revertants/ml equivalent of urine samples from control and exposed groups), with positive mutagenic activity, assayed in strains TA100 and YG1024 with (+S9) or without (-S9) metabolic activation hazard (such as solvents), no significant association was found with bladder cancer. There are numerous case reports of various forms of leukemia, following protracted exposure to benzene. However, this evidence of possible causation was considered only suggestive and bioassays of benzene for carcinogenicity to animals were considered inconclusive 42) . Benzene is an aromatic solvent and was included in this study. Certain benzene metabolites are genotoxic and mutagenic. It is believed that benzene exerts its adverse effects by metabolic activation of toxic metabolites 43) . In conclusion, several strains of S.typhimurium should be used to assess the mutagenic effect, and our study showed an increase in urinary mutagenic activity in chemistry laboratory workers using the strain YG1024 (+S9). The results in this paper represent an initial step in our effort to understand the genetic susceptibility to DNA damage of laboratory chemical workers and are of potential importance in the reduction of disease risk for these workers.
